AMPA-receptor-positive modulators (Ampakines) facilitate learning and memory in animal models and in preliminary trials in human subjects. CX516 is the first Ampakine to be studied for cognitive enhancement in schizophrenia. Stable schizophrenia patients treated with clozapine (n ¼ 52), olanzapine (n ¼ 40), or risperidone (n ¼ 13) were randomly assigned to add-on treatment with CX516 900 mg three times daily or placebo for 4 weeks. Subjects were assessed with a cognitive battery at baseline, week 4, and at 4-week follow-up. Clinical scales and safety monitoring were also performed. The primary endpoint was the change from baseline in a composite cognitive score at week 4 for the intent-to-treat sample. Additional analyses examined change in symptom rating scores and examined drug effects on patients treated with clozapine separately from patients treated with either olanzapine or risperidone. A total of 105 patients were randomized and 95 (90%) completed the 4-week trial. Patients treated with CX516 did not differ from placebo in change from baseline on the composite cognitive score, or on any cognitive test at weeks 4 or 8. The between groups effect size at week 4 for the cognitive composite score was À0.19 for clozapine-treated patients and 0.24 for patients treated with olanzapine or risperidone. The placebo group improved more on the PANSS total score than the CX516 group; no other clinical rating differed between treatment groups. CX516 was associated with fatigue, insomnia and epigastric discomfort compared to placebo, but was generally well tolerated. CX516 was not effective for cognition or for symptoms of schizophrenia when added to clozapine, olanzapine, or risperidone.
INTRODUCTION
Cognitive impairment is an important contributor to functional decline in schizophrenia (Green et al, 2000; Bowie et al, 2006) . Although the atypical antipsychotics may enhance memory and attention compared to first generation agents (Keefe et al, 1999) , their effect falls far short of restoring full cognitive function (Keefe et al, 2004; Harvey et al, 2005) . More effective cognitive-enhancing agents are needed to facilitate psychosocial recovery in schizophrenia.
One promising target for the pharmacotherapy of cognition in schizophrenia is the glutamatergic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (Bleakman and Lodge, 1998; Black, 2005) . In response to glutamate, postsynaptic AMPA receptors produce a rapid depolarization that removes the magnesium block from colocalized N-methyl-D-aspartate (NMDA) receptor-gated ion channels and allows calcium influx into the cell (Malinow and Malenka, 2002) . The resulting intracellular cascade activates kinases and transcription factors, which induce long-term potentiation (LTP) and gene expression (Platenik et al, 2000) . This process, which produces changes in synaptic morphology and strength, is believed to underlie learning and memory (Bliss and Collingridge, 1993) .
Whereas pharmacologic antagonism of NMDA receptors in healthy humans (Krystal et al, 1994) and genetic manipulation of NMDA receptors in rodents (Mohn et al, 1999) produce cognitive impairment and behavioral effects suggestive of schizophrenia, postmortem studies have found decreased AMPA receptor density in hippocampus to be among the strongest evidence for dysregulation of glutamatergic transmission in schizophrenia (MeadorWoodruff and Healy, 2000) . CX516, an 'Ampakine', binds to an allosteric site of the AMPA receptor and enhances depolarization by prolonging the channel opening in response to glutamate. In singledose studies, representative Ampakine compounds decreased the amount of afferent activity required to induce LTP (Staubli et al, 1994a) and increased the size and duration of excitatory responses in hippocampal slices (Arai and Lynch, 1998a) . In rats, a single dose of CX516 improved memory for odor discrimination and performance in the water maze and radial maze tasks (Staubli et al, 1994b) . When administered, every 2 days for 17 days, CX516 improved performance on a spatial delayed-nonmatchto-sample (DNMS) task in rats; the improvement was progressive and persisted during 7 days of testing after discontinuation of the treatment (Hampson et al, 1998) . Hippocampal CA1 and CA3 cell firing measured during DNMS testing revealed an increase of 100-350% with CX516, which was restricted to correct trials and paralleled the time course of the improvement in performance (Hampson et al, 1998) . Noorbala et al (1999) were the first to study an Ampakine in schizophrenia when they administered the weak AMPAreceptor-positive modulator, piracetam, combined with open-label haloperidol to 30 medication-free schizophrenia patients in a placebo-controlled, 8-week trial. Piracetam significantly improved psychotic symptoms, but did not improve negative symptoms or the PANSS total score compared to placebo. Marenco et al (2002) did not observe an antipsychotic effect when CX516 was administered as monotherapy to four partially refractory schizophrenia patients withdrawn from antipsychotic treatment. In a preliminary 4-week, placebo-controlled add-on dose-escalation trial in 19 schizophrenia patients treated with clozapine, CX516 at doses of 900-1200 mg three times daily was associated with improvement in measures of attention and memory (between-group effect sizes 0.6-1.0) . Persistence of effect was observed when subjects were re-tested 2 weeks after completion of the trial.
In this study, we set out to examine the cognitive effects of CX516 administered at a fixed dose of 900 mg three times daily for 4 weeks in schizophrenia patients treated with olanzapine, risperidone, or clozapine. The single, fixed dose was selected based on our prior pilot trial . The sample size was calculated to provide an 80% likelihood of detecting a between-groups effect size of 0.6.
METHODS
This study was coordinated by the Schizophrenia Program of the Massachusetts General Hospital and was conducted at five university-affiliated community mental health center outpatient clinics. The study protocol was approved by institutional review boards responsible for all sites and by a data safety and monitoring board (DSMB). Study drug and placebo were provided by Cortex Pharmaceuticals.
Subjects were outpatients aged 18-65 years with schizophrenia diagnosed by DSMIV criteria by a research psychiatrist using the Structured Clinical Interview for DSMIV (SCID). To be eligible, patients had to be treated for at least 6 months with a stable dose of clozapine, olanzapine, or risperidone, have no serious or unstable medical illness or seizure disorder, and no history of substance abuse, suicidal ideation or hospitalization within 6 months. Subjects also had to understand English and be able to complete the cognitive battery. All subjects were judged to be capable of providing informed consent after the study was described to them.
At screening, a medical history was obtained and a physical examination performed along with vital signs, electrocardiograph (EKG) and laboratory including fasting serum electrolytes, creatinine, blood urea nitrogen (BUN), glucose, liver enzymes, calcium, phosphate, magnesium, albumin and CBC with differential, urinalysis, and urine drug screen. Symptoms were assessed at baseline using the Positive and Negative Syndrome Scale (PANSS) (Kay et al, 1987a, b) , Scale for Assessment of Negative Symptoms (SANS) (Andreasen, 1983) , Calgary Depression Rating Scale (CDRS) (Addington et al, 1990) , Global Assessment Scale (GAS), Abnormal Involuntary Rating Scale (AIMS) (Guy, 1976) , the Simpson Angus Scale for Extrapyramidal Symptoms (SAS) (Simpson and Angus, 1970) , the Barnes Akathisia Scale (BAS) (Barnes, 1989) , and the Quality of Life Scale (QOL) (Heinrichs et al, 1984) . All raters were trained to the criterion of no more than a one-point deviation on any item of the PANSS and SANS before the start of the project, and this training was continued by the circulation of videotaped interviews every 6 months.
A cognitive battery was also administered at baseline, consisting of the North American Adult Reading Test (NAART, administered at baseline only) (Blair and Spreen, 1989) , Trail Making Test (Benton and Hamsher, 1978) , Degraded-stimulus Continuous Performance Test (DS-CPT) (Nuechterlein et al, 1992) , California Verbal Learning Test (Delis et al, 1987) , Faces and Family Pictures subtests from WMS-III (Wechsler, 1997) , Wisconsin Card Sorting Test (Heaton, 1990) , Letter and Category Fluency (Spreen and Strauss, 1991) , Letter-Number Span (Gold et al, 1997) , and Grooved Peg Board (Matthews and Klove, 1964) . Each site was certified following extensive training on the administration of the cognitive battery and successful completion of an on-site assessment by a coordinating neuropsychologist. The cognitive battery for this study was selected before the development of the MATRICS Consensus Cognitive Battery (Nuechterlein and Green, 2006) , but it included most of the same domains including: Attention/Vigilance, Speed of Processing, Working Memory, Verbal Learning, Visual Learning, and Reasoning and Problem Solving. Unlike the MATRICS Battery, the battery included a test of motor dexterity and did not include a test of social cognition.
Patients were randomly assigned, double blind, in a 1:1 ratio, to placebo or CX516 added to their current medication. Randomization was stratified by antipsychotic (clozapine, olanzapine, or risperidone) and site. Identicalappearing capsules containing placebo or 300 mg of CX516 were dispensed weekly. Subjects were instructed to take three capsules of study drug three times daily for 4 weeks. The dose of clozapine, olanzapine, or risperidone was unchanged during the trial. Patients were asked to come on a weekly basis during the first 4 weeks, then for follow-up at week 8. Concomittant medications were allowed, except for benzodiazepines 8 h before cognitive testing. Assessments were performed at follow-up, 4 weeks after completion of the medication trial because of evidence from rat (Hampson et al, 1998) and human studies ) of persistence of cognitive effects after discontinuation of the Ampakine. Vital signs and a CBC were performed weekly in addition to assessment of side effects using the SAFETEE (Levine and Schooler, 1986) . The full laboratory panel was repeated at weeks 2 and 4 and EKG and urinalysis were repeated at week 4. The symptom assessment battery was completed at weeks 2, 4, and at follow-up at week 8, and the cognitive battery (minus NAART) was repeated at weeks 4 and 8.
Statistical Analysis
The primary endpoint was the change from baseline to week 4 in the composite cognitive score, defined as the mean of the z-scores of the eight cognitive tests (not including the NAART) rectified so that an improvement in performance is positive. The selection of an overall composite score as the primary endpoint was driven by the preliminary data, which did not suggest that the effects of CX516 were limited to a specific domain such as memory . Each z-score was calculated using the respective baseline mean and standard deviation (pooled across groups). Thus, the zscore for each cognitive test represents the number of standard deviation units from the baseline mean. At each time point, the cognitive composite mean was prorated for any subject who had results from at least six of the eight cognitive tests; if fewer than six tests were completed the composite cognitive score was considered to be missing. The composite cognitive score included the following test scores:
(1) Degraded-stimulus continuous performance test: d Two approaches were used for the analyses of week 4 data. The primary analysis was an intent-to-treat (ITT) analysis that used the baseline cognitive score when the week 4 score was missing. ITT analyses of the clinical variables used either the week 2 score (if available) or baseline score when the week 4 result was missing. Completer analyses were performed as a secondary analysis and only included subjects who had baseline and week 4 data. Mean change scores between treatment groups were compared using a Student's t-test. In addition, study drug effects on the composite cognitive score were examined separately for clozapine-treated patients and for patients treated with either olanzapine or risperidone because of evidence that clozapine affects AMPA receptor regulation (see Discussion). A two-tailed alpha-level of 0.05 was used for each statistical test.
RESULTS
A total of 115 patients were screened and 105 patients met entry criteria and were randomized (Figure 1 ). Randomized subjects included 52 patients treated with clozapine, 40 treated with olanzapine and 13 treated with risperidone (Table 1) . Out of 51 patients 46 (88%) assigned to CX516 completed the 4-week trial, compared to 49 (91%) of the 54 patients assigned to placebo (NS). At baseline, the CX516 and placebo groups did not differ on any demographic characteristic, antipsychotic dose, or symptom rating; however, the CX516 group performed significantly better on the WAIS Faces Test (Table 2) .
Change from baseline in the composite cognitive score for the ITT sample did not differ between treatment groups at weeks 4 or 8, nor did performance on any individual cognitive test (Table 2) . Comparisons of the composite score and individual test scores also did not differ between groups at weeks 4 or 8 in the sample of patients who completed the trial. The between-group effect size (ie Cohen's d) for improvement in cognitive function in the ITT analyses (CX516 compared to placebo) at week 4 was 0.02 and at week 8 was À0.15, which did not achieve statistical significance (Figures 2 and 3 ; Table 4 ). For the clozapine-treated patients, the between-group effect sizes at weeks 4 and 8 were À0.19 and À0.34 and for olanzapineand risperidone-treated patients the effect sizes were 0.24 and 0.02, respectively.
The placebo group improved significantly on the PANSS total score compared to CX516 at week 4; the two groups did not differ in change from baseline in PANSS-Positive or General Subscales or in SANS total at any time point (Table 3 ). The two treatment groups did not differ in change scores on any other symptom rating (Table 3) . Results of the completer analysis did not differ from the ITT analysis on any symptom rating. Placebo-controlled add-on trial of CX516 DC Goff et al
Four serious adverse events were recorded in patients taking placebo and one (a psychiatric hospitalization following discontinuation of antipsychotic medication) in a patient taking CX516. Subjects treated with CX516 reported significantly more insomnia, fatigue, heartburn, and abdominal discomfort, although dropouts due to adverse events did not differ between groups (Table 5 ). The two groups did not differ in change from baseline on vital signs, laboratory results, or on EKG indices. Placebo-controlled add-on trial of CX516 DC Goff et al DISCUSSION CX516 did not significantly improve cognitive functioning or symptom ratings when added to clozapine, olanzapine, or risperidone. This study, which had very low attrition in both treatment groups, was powered to detect a treatment effect of medium size (d ¼ 0.60). Although the potential for a positive effect on cognition cannot be ruled out, we can conclude, based on 95% confidence intervals (À0.4-0.4) that CX516 does not produce the hypothesized effect of medium or greater magnitude under the clinical conditions that we examined. This negative finding is in contrast to the moderate-to-large effects on attention and memory observed in a prior pilot trial of CX516 in 19 patients with schizophrenia (Goff et al, 2001 ). Because the doses of CX516 that were administered and the patient samples were similar in the two studies, the difference in results most likely reflects a failure of a small sample to predict outcomes for larger trials (Kraemer et al, 2006) . It is possible that the CX516 dose of 900 mg three times daily used in this study was suboptimal. CX516 is a relatively low-potency agent with a rather short half-life of approximately 20 min in rats (Hampson et al, 1998 ) and 1 h in humans. In dose-finding trials in rats, CX516 maximally facilitated fear conditioning at a dose of 12.5 mg/kg (Rogan et al, 1997) and improved performance in the radial maze task at a dose of 15 mg/kg (Granger et al, 1993) . Studies that demonstrated improvement of olfactory learning (Larson et al, 1995) and DNMS performance (Hampson et al, 1998) used CX516 doses of 30 and 35 mg/kg, respectively. Given the reduced clearance of CX516 in humans, lower doses (based on body weight) were selected for clinical trials. In a study of 24 healthy male medical students, a single 300 mg dose of CX516 significantly improved measures of visual, olfactory, and visuospatial memory (Ingvar et al, 1997) . Delayed recall of nonsense syllables improved with a single CX516 dose of 900 mg in elderly subjects (Lynch et al, 1997) and improved in younger subjects with CX516 single doses ranging from 600-1200 mg (Lynch et al, 1996) . These results indicated that, with single dose administration, CX516 should be effective in a range from 300-1200 mg.
The dose of 900 mg (or approximately 12 mg/kg) administered three times daily was chosen for this trial based on preliminary evidence from a pilot trial of 19 clozapinetreated schizophrenia patients, suggesting efficacy for cognitive measures and no discernable difference between doses of 900 and 1200 mg administered three times daily . The side effects of insomnia and fatigue reported by subjects assigned to CX516 in the current trial indicate that dosing was sufficient to produce central nervous system effects, although it is not clear that maximal cognitive effects were produced at this dose.
In addition to its low potency, the efficacy of CX516 may be limited by its short half-life. However, it is not clear that sustained occupancy of the AMPA receptor allosteric modulatory site is necessary or even advantageous for cognitive effects. The strongest evidence for memory enhancement with repeated dosing of CX516 came from a trial in which rats were administered a single 35 mg/kg dose of CX516 every 48 h for 17 days (Hampson et al, 1998) . Placebo-controlled add-on trial of CX516 DC Goff et al Performance on the DNMS task significantly improved with alternate-day dosing and persisted after completion of the trial. Given that CX516 has a half-life of approximately 20 min in rats, this finding suggests that intermittent 'pulsing' of the drug may be sufficient to enhance synaptic efficiency. Similarly, Lauterborn et al (2003) found that the Ampakine-induced increase in brain-derived neurotrophic factor (BDNF) gene expression in rat hippocampal slice cultures is lost after 4 days pre-treatment. However, administration of the Ampakine on an alternate-day schedule preserved the positive effect on BDNF mRNA expression. Four weeks may not have been sufficient to produce full cognitive effects with CX516. The trial duration was limited to 4 weeks by a lack of longer-term toxicity data. However, memory and learning had previously been shown to improve in trials of brief duration in both rodents and humans, including following single-dose administration. Because the same cognitive tests were administered twice over a 4-week period, it is possible that practice effects could have occurred. However, the very small within-group improvement on the composite score for the placebo group suggests that practice effects were unlikely to have played a significant factor in this study.
An additional factor that may complicate trials of Ampakine compounds in schizophrenia is the potential interaction with antipsychotic medication. Antipsychotics have been demonstrated to alter AMPA receptor density (Spurney et al, 1999; Schmitt et al, 2003) , AMPA receptor subunit mRNA expression (Meador-Woodruff et al, 1996; Healy and Meador-Woodruff, 1997; Tascedda et al, 2001) , the affinity of agonists at the AMPA-binding site (McCoy et al, 1996 (McCoy et al, , 1998 , and the depolarization of cells in response to glutamate (Jardemark et al, 2000) . Antipsychotic effects on AMPA receptors are complex and may be brain region specific (Meador-Woodruff et al, 1996; Healy and MeadorWoodruff, 1997; Spurney et al, 1999; Schmitt et al, 2003) . In several studies, antipsychotic effects have differed between atypical agents and haloperidol (McCoy et al, 1996; MeadorWoodruff et al, 1996; Healy and Meador-Woodruff, 1997; Spurney et al, 1999; Jardemark et al, 2000; Schmitt et al, 2003) , and differed between acute and chronic dosing (Tascedda et al, 2001 ). In the example of positive modulators of the NMDA receptor, addition of glycine, Dserine, and D-cycloserine to clozapine has produced more negative results than addition to conventional agents (Goff et al, 1999; Potkin et al, 1999; Tsai et al, 1999; Evins et al, 2000; Goff and Coyle, 2001) . Although there was a suggestion of a difference in effect between the clozapine group and the group receiving olanzapine or risperidone in this study, the difference was not significant.
Finally, the lack of efficacy detected with CX516 at the dose used in this trial should not be taken as reason to dismiss AMPA-receptor-positive modulation as a therapeutic approach. AMPA receptors represent a highly heterogeneous target, as they vary in pharmacodynamic properties according to subunit composition and posttranscriptional editing (Black, 2005) . Pharmacologically distinct subtypes of AMPA receptors are expressed differentially according to brain region, neuron type, and stage of brain development (Black, 2005) . Growing evidence suggests that AMPA-receptor-positive modulators are also quite heterogeneous, differing not only in potency and half-life, but also in pharmacodynamic effects. Individual drugs in this class may bind to different allosteric sites, differ in affinity for AMPA receptor subtypes (Johansen et al, 1995) , and produce quite variable patterns of AMPA channel opening (Bleakman and Lodge, 1998; Arai et al, 2002) . For example, compared to other agents, CX516 has relatively greater effects on pyramidal cells than interneurons (Xia and Arai, 2005) , does not affect AMPA receptor affinity (Arai et al, 1996a, b) , has greater effect on excitatory postsynaptic current (EPSC) response decay (deactivation) than desensitization (Arai and Lynch, 1998a) , and primarily increases response amplitude rather than duration of response (Arai and Lynch, 1998b) . Other Ampakines have been reported to block behavioral effects of methamphetamine and of the NMDA antagonist, dizocilpine, whereas CX516 was inactive when administered alone (Vanover, 1997) , but potentiated attenuation of methamphetamineinduced rearing when combined with low-dose antipsychotics (Johnson et al, 1999) .
Because they potently elevate brain levels of neurotrophic factors, AMPA-receptor-positive modulators are under study as potential antidepressants and neuroprotective agents in addition to on-going trials in illnesses characterized by cognitive impairment (O'Neill et al, 2004) . However, future studies in schizophrenia and other disorders will Placebo-controlled add-on trial of CX516 DC Goff et al require careful selection of an optimal agent and dose, administered for an adequate duration to assess for potential cognitive effects.
